We observed the unique helium cataclysmic variable CR Boo (PG 13461082) extensively, using CCD and visual photometry, during the period 1995±1998. The observation revealed the existence of a quasi-periodic alternation of bright and faint states with a period of 46.3 d. During the faint states, the system shows short outbursts with a characteristic recurrence period of 4±8 d. The 1490-s signal, which has been considered as superhumps, almost disappeared during the short outburst on 1998 January 2. The overall patterns of outbursts and the appearance of the superhump signal are remarkably similar to those of hydrogenrich ER UMa stars. We propose CR Boo as a member of a class of`helium' counterparts of ER UMa stars.
I N T R O D U C T I O N
AM CVn stars are a recently recognized small group of heliumrich variable stars which show photometric variations over a wide range of time-scales ranging from 100 s to months (for a review, see Warner 1995) . Though the results of direct observational tests for the binary nature of AM CVn stars have been tantalizing, except for the unique member GP Com, these objects are usually considered as ultrashort-period binaries composed of a white dwarf and a mass-losing helium white dwarf. Theoretical calculations suggest that they may be descendants from a narrow channel of close binary evolution (Tsutukov & Federova 1989) . AM CVn stars can thus provide unique observational opportunities for investigating the helium star evolution, the nuclear processes involved and the physics of helium accretion discs. The best-observed examples of AM CVn stars include AM CVn, GP Com, CR Boo and V803 Cen. Among them, CR Boo and V803 Cen are especially alike, in that they show large-amplitude brightness variations with time-scales from days to months. The origin of such large-amplitude variations has been poorly understood. Warner (1995) proposed the similarity to VY Scl type cataclysmic variables, the`low states' of which are generally believed to result from reduced mass transfer.
CR Boo (PG 13461082) was discovered as an ultravioletexcess object (Green, Schmidt & Liebert 1986) . Wood et al. (1987) performed extensive photometric and spectroscopic observations, entitling their paper`Exotic helium variable PG 13461082'. Wood et al. (1987) showed that CR Boo is photometrically remarkably different from previously known helium variables in that it displays a wide range of variation 13.6±17.5 mag. From a survey of the Harvard photographic material, they concluded that CR Boo spends 74 per cent of the time brighter than m pg 14X0Y and claimed the existence of a quasi-periodicity of 4±5 d. Using high-speed photometry, they also revealed the existence in the bright state of 1490-s modulation similar to the short-period modulation in AM CVn, while in the faint state this modulation becomes less apparent, being overwhelmed by flickering. Their spectroscopic observations confirmed the lack of hydrogen features. The systematic change of helium lines associated with the brightness of the system ± absorption in the bright state and emission in faint state ± was best studied in its twin, V803 Cen (O'Donoghue, Menzies & Hill 1987; O'Donoghue & Kilkenny 1989 ). This change is quite reminiscent of that of hydrogen lines in dwarf novae, supporting the generally accepted view that these systems are an interacting close binary consisting of a white dwarf (primary) and a helium white dwarf (secondary), with the helium lines arising from the accretion disc around the primary.
In 1988, Provencal et al. performed Whole Earth Telescope (WET) runs spanning 15 nights, and recorded a pattern of outbursts similar to those of SU UMa type dwarf novae (Provencal et al. 1997) .
From the theoretical side, Tsugawa & Osaki (1997) applied the dwarf nova type thermal and tidal instability model (Osaki 1989) to helium-disc systems, including CR Boo. They succeeded in understanding the behaviour of helium cataclysmic variables in terms of the stability of the accretion disc, depending on the masstransfer rate: systems having the highest mass-transfer rates and thermally stable discs (AM CVn, HP Lib EC 1533021403), intermediate mass-transfer rates and thermally unstable discs exhibiting SU UMa like behaviour (CR Boo, V803 Cen and CP Eri), and very low mass-transfer rates and very`inactive' discs (GP Com). By taking into account the light curve of Patterson et al. (1997) , they concluded that CR Boo particularly resembles a recently recognized small group of hydrogen cataclysmic variables, ER UMa stars. ER UMa stars are a subgroup of SU UMa type dwarf novae (for a review, see Osaki 1996) . They show, as in other SU UMa type dwarf novae, short, normal outbursts and long, bright superoutbursts characterized by the presence of superhumps, which are light modulations with periods a few per cent longer than the orbital period. The most striking feature of ER UMa stars is the extremely short recurrence time (19±45 d) of superoutbursts (Kato & Kunjaya 1995; Nogami et al. 1995; Robertson, Honeycutt & Turner 1995; Misselt & Shafter 1995; Kato, Nogami & Baba 1996) in contrast to 100±1000 d in usual (classical) SU UMa type dwarf novae (see e.g. Nogami, Masuda & Kato 1997a) . Patterson et al. (1997) and previous observations were not, however, perfect, in that their outburst amplitudes disagreed with those of Wood et al. (1987) . Their reported existence of superhump' signals even during the frequently (every 19 h) outbursting state is also hard to reconcile with the standard observational picture of SU UMa type dwarf novae.
O B S E RVAT I O N S A N D R E S U LT S

Materials
We used CCD photometry at Ouda Station, Kyoto University, and visual observations by Hanson & Poyner, supplemented by occasional observations reported to VSNET (VSNET is a worldwide network of variable star observers, operated at the Kyoto University; see http://www.kusastro.kyoto-u.ac.jp/ vsnet for details). The observations at Ouda Station were performed using a CCD camera (Thomson TH 7882, 576 Â 384 pixels attached to the Cassegrain focus of the 60-cm reflector (focal length 4X8 m at Ouda Station, Kyoto University (Ohtani et al. 1992 ). To reduce the readout noise and dead time, an on-chip summation of 2 Â 2 pixels to one pixel was adopted. An interference filter was used which had been designed to reproduce the Johnson V band. The exposure times were 90 and 40 s for the 1996 May and 1998 January observations, respectively. The read-out time between exposures was 12 s. The frames were first corrected for standard debiasing and flat-fielding, and were then processed by a microcomputer-based automaticaperture photometry package developed by one of the authors (TK). The V magnitudes of the variable were determined using local comparison stars in Patterson et al. (1997) . The Ouda observations were reduced to nightly averages when analysing the long-term behaviour. The error in the averaged magnitude is less than 0.05 mag. Visual observations were carried out using a 46-cm reflector (Hanson) and a 40-cm reflector (Poyner), using the same comparison stars as in the Ouda observations. The typical error of visual observations was 0.1± 0.2 mag. We have also extracted the nightly averaged magnitudes in Patterson et al. (1997) and added them for analysis. The total numbers of magnitudes analysed was 482 (positive data) and 90 (upper limits) for the period 1993 May 10±1998 June 1. Fig. 2 shows a portion (1996±97) of the whole light curve, which best represents the alternations between bright and faint states. The arrows represent upper limits. Three distinct periods of bright states are seen, starting on JD 245 0550, 245 0592, 245 0635. During the faint states (between the bright states) the system showed only short-lived brightenings. Fig. 3 shows the details of the three bright states displayed in Fig. 2 . After 16±26 d of the onset of the bright state, the system fades quickly, and enters a faint state during which short brightenings are observed. Though not all short brightenings were caught, Figure 3 . Details of the three bright states displayed in Fig. 2 . 16±26 d after the onset of the bright state, the system fades quickly, and enters a faint state during which short brightenings are observed.
General long-term behaviour
because of the short duration, the shortest observed interval of these brightenings was 4 d, corresponding to the quasi-period proposed by Wood et al. (1987) .
From the striking similarity of the general behaviour to that of SU UMa type dwarf novae, the bright state may be considered as a superoutburst, and the short brightening as a normal outburst. However, there are some discrepancies from the well-known outburst pattern of SU UMa type dwarf novae: (1) CR Boo sometimes fades even during the bright state (superoutburst), e.g. JD 245 0596, and (2) the short outburst just preceding the superoutburst tends to be brighter than the following superoutburst, e.g. JD 245 0588.
In order to determine the period of alternation between bright and faint states, which is regarded as a`supercycle' in the sense of the SU UMa type terminology, we took trial periods between 30 and 60 d and sorted the densely covered recent observations (since 1997 January) by the resultant phase. We also measured thè square sum' of differences between magnitudes in adjacent phases. Fig. 4 displays the result of the square sum versus the trial period. The lowest point at 46.3 d is the best estimate of the supercycle.
Variation through the supercycle
The observations since 1997 were folded by 46.3 d to construct the light curve in Fig. 5 In the period of phase 0.0±0.5 (in the 46.3-d period), the system fades slowly and quasi-linearly, as in SU UMa type dwarf novae during superoutburst. In the period of phase 0.5±1.0, the system shows sparse short outbursts, with minimum magnitude becoming fainter as the phase proceeds. Disregarding some peculiarities which will be discussed later, the general behaviour throughout the supercycle resembles extraordinarily that of ER UMa stars (Kato & Kunjaya 1995; Nogami et al. 1995; Robertson et al. 1995; Misselt & Shafter 1995) . Fig. 6 represents a folded light curve with the same 46.3-d period for the 1996 observations, including observations from Patterson et al. (1997) . Although the total amplitude is smaller than in Fig. 5 , these observations do not contradict the possible alternation of the bright state (corresponding to the phase 0.0± 0.5), lasting ,50 per cent of the total phase, and the slightly fainter state.
As the observations by Patterson et al. (1997) are too clustered in the bright state, it is not evident whether the sparse observations during the faint state merely represent the`tops' of short outbursts, or whether the system never became as faint as the minimum brightness observed since the 1997 season.
Superhumps
In order to verify the suggestion that long outbursts (bright states) occurring every 46.3 d truly correspond to superoutbursts of SU UMa type dwarf novae, it is necessary to confirm that superhumps are basically only observed during the long outbursts. [Cases are known in ER UMa stars in which weak superhump signals persist even outside superoutbursts (Patterson 1995, private communication) . It may be possible in frequently superoutbursting systems like ER UMa stars for the eccentric disc to not have enough time between superoutbursts to circularize.]
The periodic signals around 1490 s reported in Patterson et al. (1997) and Wood et al. (1987) were detected during this bright state (as inferred from the previous discussion). We further succeeded in obtaining CCD time-resolved photometry during the short, bright outburst on 1998 January 2. The upper panel of Fig. 7 represents the observed light variation from this run, and combination with visual observations consistently showed that the outburst decayed rapidly, with an unprecedented rate of 2.7 mag d
21 . The application of the phase dispersion minimization (PDM) method (Stellingwerf 1978) , after removing the rapidly declining trend, revealed the absence of the 1490-s signal (middle panel, the expected signal corresponding to a frequency of 58 d
21
). The phase-averaged light curve (lower panel), assuming the 1490-s period, also fails to show the periodic signal. We feel that we should comment on the detection of a low-amplitude 1490-s signal in the low state by Provencal et al. (1997) . Considering that their observation covered the late stage of a superoutburst and the early post-superoutburst stage, it is not surprising that weak superhump signals may have ensued over a long period after a superoutburst. A good example of persistent superhump signals long after superoutbursts can be seen in the 1996±1997 superoutburst of EG Cnc (e.g. Patterson et al. 1998) .
For comparison, Fig. 8 displays the same analysis for a run on a night during the bright state (1996 May 14), with a brightness level similar to that of 1998 January 2. The middle panel shows a clear signal around 59 d 21 , and the phase-averaged light curve in the lower panel shows a full amplitude of 0.04 mag for the 1490-s signal. We have thus confirmed that the 1490-s signal, claimed to be the`superhump' signal, is not apparent during the short outburst. This is an identifying characteristic of superhumps in SU UMa type dwarf novae. We have firmly identified the long-lasting bright state as a superoutburst, and the short-lived outburst, as exemplified by the 1998 January outburst, as a normal outburst lacking large-amplitude superhumps. CR Boo is a helium SU Figure 6 . Observations for the 1996 period, including observations from Patterson et al. (1997) , folded at the supercycle of 46.3 d. The same supercycle represents the variation of mean magnitude in 1996. In the period of phase 0.0±0.5 (in the supercycle phase), the system fades slowly and linearly, as in SU UMa type dwarf novae during superoutburst. In the period of phase 0.5±1.0, the system shows sparse short outbursts.
UMa type dwarf nova, having a supercycle of 46.3 d, a superoutburst duty cycle of ,50 per cent, and an interval of normal outbursts 4±8 d ± all of these figures, astonishingly, match those for ER UMa stars, the extreme SU UMa type dwarf novae.
D I S C U S S I O N
We have thus identified CR Boo as showing quasi-periodic outburst cycles similar to those of ER UMa stars, and determined its supercycle as 46.3 d.
CR Boo is different from usual ER UMa stars in that it sometimes shows very bright outbursts just preceding a superoutburst, and that, as Patterson et al. (1997) discovered, shortperiod (19 h), low-amplitude, outburst-like oscillations are superimposed on the superoutburst. The period of the latter oscillation is substantially shorter than the shortest recurrence time of short outbursts (4 d), the amplitude of which are very small (usually less than 1 mag). These oscillations may result from the reflection of the cooling and heating waves in the outer region of the accretion disc, and may not represent the full-disc outburst.
The outburst pattern of CR Boo is also peculiar in that it sometimes shows a transient fading even during superoutburst. While this feature may represent extreme oscillations stated above, it may be related to the`dips' sometimes observed in superoutbursts of WZ Sge type dwarf novae (AL Com, e.g. Nogami et al. 1997b; USNO 1425 .09823278, Kato 1997 .
It may be possible that both the existence of short, bright outbursts preceding superoutbursts and the existence of transient fadings may be understood as a result of the small tidal torque or the small growth rate of the tidal instability, which has been shown to be proportional to the inverse square of the mass ratio q M 1 aM 2 (Lubow 1991a,b) , under extreme mass-ratio conditions such as in helium cataclysmic binaries. However, the confirmation of this possibility will require more elaborate full-disc hydrodynamical simulations.
Although the evidence is still rather dubious, the possible existence of a decreased total outburst amplitude, as in 1996, may Figure 7 . CCD photometry during the short outburst on 1998 January 2. The system decayed with an unprecedented rate of 2.7 mag d 21 (upper panel). The phase dispersion minimization (PDM) method (Stellingwerf 1978) yielded no apparent periodicity around 1490 s (middle panel). The averaged light curve for this period gave an upper limit of 0.02 mag for the 1490-s signal.
represent the existence of a`standstill' in Z Cam stars. As Tsugawa & Osaki (1997) have pointed out, the mass-transfer rate in CR Boo may be close to the thermal stability limit. We therefore wonder whether a subtle change in the mass transfer may induce the transition of the disc to a thermally stable,`standstill' state.
SUMMARY
We observed the unique helium cataclysmic variable CR Boo (PG 13461082) extensively using CCD and visual photometry for the period 1995±1998. The observations since the end of 1996 have revealed the existence of a quasi-periodic alternation of bright and faint states with a period of 46.3 d. This periodicity can be traced back to the 1996 period, when the observations were performed by Patterson et al. (1997) .
During the faint states of the 46.3-d cycle, CR Boo shows short outbursts with a characteristic recurrence period of 4±8 d. We obtained time-resolved CCD photometry of the bright outburst on 1998 January 2. The light curve showed an unprecedentedly rapid decay at a rate of 2.7 mag d 21 . The 1490-s signal, which has been considered as superhumps, almost disappeared during this outburst, in comparison with the positive detection using the same instruments during the bright outburst in 1996. The overall patterns of outbursts and the appearance of the superhump signal are remarkably similar to those of hydrogen-rich ER UMa stars. We propose CR Boo as the member of a class of`helium' counterparts of ER UMa stars.
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